Lithium-sulfur (Li-S) batteries have received tremendous attention because of their extremely high theoretical capacity (1672 mA h g -1 ) and energy density (2600 W h kg -1 ). Nevertheless, the commercialization of Li-S batteries has been blocked by the shuttle effect of lithium polysulfide intermediates, the insulating nature of sulfur, and the volume expansion during cycling. Here, hierarchical porous N,O dual-doped carbon microrods (NOCMs) were developed as sulfur host materials with a large pore volume (1.5 cm 3 g -1 ) and a high surface area (1147 m 2 g -1 ). The highly porous structure of the NOCMs can act as a physical barrier to lithium polysulfides, while N and O functional groups enhance the interfacial interaction to trap lithium polysulfides, permitting a high loading amount of sulfur (79-90 wt % in the composite). Benefiting from the physical and chemical anchoring effect to prevent shuttling of polysulfides, S@NOCMs composites successfully solve the problems of low sulfur utilization and fast capacity fade and exhibit a stable reversible capacity of 1071 mA h g -1 after 160 cycles with nearly 100% Coulombic efficiency at 0.2 C. The N,O dual doping treatment to porous carbon microrods paves a way toward rational design of high-performance Li-S cathodes with high energy density.
Nevertheless, the commercialization of Li-S batteries has been blocked by the shuttle effect of lithium polysulfide intermediates, the insulating nature of sulfur, and the volume expansion during cycling. Here, hierarchical porous N, O dual doped carbon microrods (NOCMs) were developed as sulfur host materials with large pore volume (1.5 cm 3 g -1 ) and high surface area (1147 m 2 g -1 ). The highly porous structure of the NOCMs can act as a physical barrier to lithium polysulfides, while N, O functional groups enhance the interfacial interaction to trap lithium polysulfides, permitting an high loading amount of sulfur (79-90 wt% in the composite).
Benefiting from the physical and chemical anchoring effect to prevent shuttling of polysulfides, S@NOCMs composites successfully solve the problems of low sulfur utilization and fast capacity fade, and exhibit a stable reversible capacity of 1071 mAh g -1 after 160 cycles with nearly 100% Coulombic efficiency at 0.2 C. The N, O dual doping treatment to porous carbon microrods pave a way towards rational design of high-performance Li-S cathodes with high energy density.
Introduction
In the face of severe energy shortages and environmental pollution, adopting renewable sources (e.g. solar and wind), and hybrid or pure electric vehicles are the best solutions and have promoted the rapid development of rechargeable battery systems. Commercial Li-ion batteries (LIBs), which have dominated the rechargeable-battery market in the past few decades, are unable to meet the high-energy density demands of those devices due to the low theoretical capacity of traditional cathode materials. In this respect, Li-S batteries are regarded as one of the most promising next-generation secondary batteries due to their high theoretical capacity (1672 mAh g -1 ) and energy density (2600 Wh kg -1 ), which is several orders of magnitude higher than for traditional LIB cathode materials. [1] [2] [3] [4] Elemental sulfur is particularly cheap and abundant in the Earth's crust, and thus would be beneficial for large-scale energy storage. Despite these significant advantages, the practical application of Li-S batteries still faces some unavoidable problems. First, the insulating properties of sulfur leads to limited diffusion of lithium ions and electrons, as well as low utilization of the active sulfur mass. Second, the volume change caused by the stepwise reaction of sulfur to form Li 2 S during cycling is about 80%, resulting in structural changes and separation of the current collector from the sulfur electrode. Furthermore, the lithium polysulfides (the discharge intermediate Li 2 S x products) are soluble in the liquid electrolyte and could migrate between the electrodes, which is known as the shuttle effect and is the key factor behind the poor cycling stability, low Coulombic efficiency, and self-discharge. [5] [6] [7] Many efforts have been devoted to overcoming the shuttle effect by trapping polysulfides in the sulfur cathode. 
Experimental Section
Material Synthesis: All reagents were used without any further purification after purchase.
First, 10 mmol DMG was dissolved in 100 mL of ethyl alcohol. Then, 100 mL of 0.01 M NiCl 2 ·6H 2 O was added dropwise to the above solution under vigorous stirring. The resulting Ni(DMG) 2 precipitate was filtered and washed with distilled water and alcohol several times.
Then, the products were calcined at 400 °C for 2 h and subsequently at 800 °C for 10 h under argon atmosphere with a heating rate of 2 °C min -1 . The carbonized products were treated with a mixed solution consisting of 10 mL H 2 O 2 (30%), 10 mL concentrated HCl, and 20 mL distilled water at 120 °C for 4 h to remove the Ni metal particles. Finally, the NOCM product was obtained after washing three times with water.
Synthesis of the S@NOCMs composite:
Typically, the appropriate amount of sulfur powder and NOCMs were mixed together and put into a sealed container filled with argon atmosphere, 
where E total , E molecule , and E substrate refer to the energy of whole system, of the molecule (Li 2 S 4 ), and of the substrate (carbon, N, O co-doped carbon), respectively. The facile route to synthesize S@NOCMs composite is illustrated in Figure 1 . First, uniform Ni(DMG) 2 microrods were prepared by a simple complexation reaction of NiCl 2 ·6H 2 O and DMG ( Figure S1 in the Supporting Information). 25 Then, the Ni(DMG) 2 microrods were annealed in Ar atmosphere (800 °C) to produce Ni particles encapsulated in N-doped carbon microrods (Ni@NCMs). Because of their flexible structure, Ni@NCMs maintained the basically original one-dimensional (1D) morphology of the Ni(DMG) 2 microrods ( Figure S2 ). The nitrogen groups were successfully introduced into the carbon material by an in-situ reaction through carbonization of DMG with enrichment of the nitrogen element. In the meantime, the nickel ions were reduced by the carbon material into nickel metal nanoparticles, which were evenly distributed in the carbon material to act as in-situ templates ( Figure S2c) . After treatment by a mixture of hydrochloric acid and hydrogen peroxide, the Ni nanoparticles were removed and highly porous nitrogen and oxygen co-doped carbon material was obtained, because the carbon surface was oxidized by the mixed acids, and many functional groups were introduced in forms of carboxyl, carbonyl, hydroxyl, etc. This kind of N, O-doped carbon material has many advantages when used as a host material for sulfur. First, its highly porous structure can supply electrolyte access to the electrode and act as a reactor for lithium and sulfur. Second, the nitrogen doping can improve the conductivity of the composite and alleviate the shuttle effect of lithium polysulfides. [26] [27] [28] Sulfur was embedded in the porous structure using a melt diffusion strategy.
Results and discussion
The sulfur on the outer surface of the carbon would be removed by evaporation. NOCMs. 29, 30 This is in line with the HRTEM images and favorable for the conductivity of the composite. The sharp peaks shown in Figure 3a could be attributed to the fddd orthorhombic structure of crystalline sulfur. 31 Even when a high amount of sulfur is loaded on NOCMs, however, the characteristic peaks of sulfur show much weaker intensity compared to the original crystalline sulfur, which demonstrates that the elemental sulfur mainly penetrates the pores of the NOCMs. 29, 32 This result is further confirmed by BET examination (Figure 3b, 3c and Figure S5 ).
NOCMs exhibits a very high surface area of 1147 m 2 g -1 and high pore volume of 1.5 cm 3 g -1
with Type Ⅳ isot herms and Type H3 hysteresis loops. 33 After loading with sulfur, however, the surface area and pore volume rapidly decreased to 31 m 2 g -1 and 0.14 cm X-ray photoelectron spectroscopy (XPS) was conducted to further investigate the elemental composition and functional groups of the S@NOCMs composites, and the results are shown in Figure 5 . The survey spectrum clearly demonstrates the presence of the C, N, O, and S elements in the S@NOCMs composite (Figure 5a ). The C 1s spectrum displays a major peak at 284.8 eV, which could be attributed to sp 2 hybridized carbon, and the other three weak peaks at 285.5, 286.5, and 287.9 eV can be ascribed to C-O/C-S, C-N-C, and N-C=O species, respectively. 31 In the N 1s spectrum, four peaks at 398.6, 400.8, 401.6, and 402.7 eV are detected and, in turn, can be assigned to pyridinic N, pyrrolic N, graphitic N, and pyridine oxide N. The peak area ratio of pyridinic and pyrrolic N to total N is as high as 93%, permitting a more effective chemical anchoring effect. 34 Because the graphitic N provides its p electrons to form a π-conjugated system, improving the charge density in the doping region, it thus possesses no additional lone pair electrons to anchor lithium sulfide through Li 2 S x -N chemical bonding. 20 Similarly, the doped O atoms play an analogous role to N in the S@NOCMs composite. In Figure 5d , the binding energy peaks observed in the O 1s profile at 531.8 and 532.2 eV could be attributed to C=O and C-OH/C-O-C, and the weak shoulders at 531.0 and 534.1 eV are associated with quinone/pyridine and carboxylic O. 20, 35 It is well known that ketone groups, carboxylic groups, and cyclic oxygen show a stronger anchoring effect towards lithium sulfides. 34 The S 2p XPS spectrum display two major peaks at 165.0 and 163.8 eV, corresponding to the spin-orbit coupling of S 2p 3/2 and 2p 1/2 . The weak peaks at 165.7 and 164.5 eV are assigned to S-O species, while the small broad peak at 168.4 eV is ascribed to sulfate due to the oxidation of sulfur in air. 36 According to the EDS spectra analysis, the doping concentration of N, O atoms is 4.2 at% Figure 7b presents the discharge-charge profiles of S@NOCMs at various rates. Two obvious discharging platforms and one charging platform are exhibited in every stage of the rates, agreeing well with the CV profiles. At low current densities, the charge-discharge profiles show flat and long plateaus as well as low polarization, which implies that the sample will have good electrochemical performance at this level. More importantly, the plateaus could be well maintained at higher rates, suggesting good reaction kinetics, and may be expected to correspond to good rate capacity.
31,23
The cycling performance of S@NOCMs electrodes was tested at the 0.2 C rate within the potential window of 1.4-2.8 V, as is shown in Figure 7c . The initial discharging capacity of the S@NOCMs composite is as high as 1327 mAh g -1 , corresponding to a high sulfur utilization of 79%, based on the theoretical capacity of sulfur (1672 mAh g -1 ). The discharging capacity rapidly dropped to 1233 mAh g -1 at the 2 nd cycle, because the electrolyte additive LiNO 3 is reduced irreversibly on the carbon surface, and there are some side reactions. 39 When the current density was returned to the 0.2 C rate, the discharge capacity could be recovered to 1122 mAh g -1 , indicating the good stability and outstanding rate performance of this electrode material. Compared to the previous studies, 8, 11, 29, 30 the S@NOCMs composite with high sulfur content of 79% displayed improved high rate capacities and good cycling stability.
The high sulfur utilization and excellent rate performance are attributed to the ultrafine sulfur nanoparticles confined in the highly conductive N, O dual-doped porous carbon framework, in which the stronger interfacial interaction between the carbon host and the polysulfide guests effectively prevents the shuttle effect.
High areal sulfur loading is a key parameter for achieving high energy density, and is essential for practical applications of Li-S batteries. Therefore, the cycling performances of and 0.27% capacity decay per cycle ( Figure S8 ). The performance of the electrode with high sulfur loading and relatively lower capacity was confirmed by electrochemical impedance spectroscopy (EIS). Figure 7f shows the Nyquist plots of S@NOCMs samples with different sulfur loading at the same voltage of 2.2 V during the charging process after 10 cycles, and the inset displays the equivalent circuit. The low-frequency region reflects the Warburg impedance (solid-state diffusion of Li ions in the active materials), the intercept on the Z′ axis is related to electrolyte resistance (R e ), and the semicircle in the high-frequency region corresponds to charge transfer resistance (R ct ) at the electrode-electrolyte interface. 11, 40 The R ct was determined to be 123 Ω for loading of 1.42 mg cm -2 and 192 Ω for 3.01 mg cm -2 , indicating that the capacity loss may be because the increasing thickness of the active material leads to decreasing interface between the current collector, the electrolyte, and the active material.
11,40
The cycling performances of S@NOCMs composites with different sulfur loading of 79 wt% and 90 wt% ( Figure 7g ) were investigated at the high current density of 2 C. They both show similar specific capacity and long-term cycling stability, as well as confirming the high sulfur utilization. The S@NOCMs composite with 79 wt% sulfur maintained a high specific capacity of 667 mAh g -1 after 400 cycles. The S@NOCMs electrode with 90 wt% sulfur maintained a high capacity of 602 mAh g -1 after 300 cycles, and 533 mAh g -1 at the 400 th cycle.
These results demonstrate the excellent cycling stability at a high current density of S@NOCMs composites and confirm that the polysulfide shuttle effect was efficiently suppressed. First, the porous host material NOCMs could improve the electrical conductivity of the cathode composites, while the micro/mesopores facilitate rapid access of the electrolyte to the electrode interior, contributing to the high capacity. Furthermore, the unique porous structure can also provide more active sites for sulfur absorption and mitigate the diffusion of polysulfide, reducing the loss of active materials. More importantly, the N, O functional groups on the surfaces of NOCMs can enhance the adsorption through chemical bonding between NOCMs and sulfur/polysulfides, improving the coulombic efficiency and cycling stability. 18, 20 In addition, the electrolyte additive LiNO 3 could also help to inhibit the dissolution of polysulfides by the formation the of a stable passivation film on the surface of Li metal. 7 As a result, the S@NOCMs composite with high specific capacity and long cycling stability is a promising cathode for Li-S batteries.
Conclusion
In summary, N, O dual doped highly porous carbon microrods with large pore volume, high surface area, and micro/mesopores have been successfully synthesized via a simple calcination and acid treament process. The large pore volume and high surface area permit high sulfur loading in the amount of 79-90 wt% in the composite and contribute to the physical anchoring effect for sulfur or polysulfides. The porous carbon microrods codoped with N, O atoms signifantly enhance the chemical anchoring effect of sulfur/polysulfides to the carbon host via dipole-dipole electrostatic interaction, guaranting high sulfur utilization and preventing shuttling of polysulfides. Thus, the S@NOCMs composite delivers excellent rate performance and longterm cycling stability, so that it could maintain 813 mAh g -1 after 250 cycles at the 0.5 C rate and 667 mAh g -1 after 400 cycles at the high 2 C rate. Such superior electrochemical performance of the S@NOCMs composite can pave the way to the construction of high-energy commercially viable Li-S batteries.
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